FKBP5 regulates the cortisol-binding affinity and nuclear translocation of the glucocorticoid receptor. Polymorphisms at the FKBP5 locus have been associated with increased recurrence risk of depressive episodes and rapid response to antidepressant treatment. A recent study showed that FKBP5 genotypes moderated the risk of post-traumatic stress disorder (PTSD) symptoms associated with childhood maltreatment. One thousand one hundred forty-three European Americans (EAs) and 1284 African Americans (AAs) recruited for studies of the genetics of substance dependence were also screened for lifetime PTSD. Four single-nucleotide polymorphisms (SNPs) in FKBP5, rs3800373, rs9296158, rs1360780, and rs9470080, were genotyped on the complete sample. Logistic regression analyses were performed to explore the interactive effect of FKBP5 polymorphisms and childhood adversity on the risk for PTSD. After correction for multiple testing, childhood adversity significantly increased the risk for PTSD. FKBP5 genotypes were not associated with the development of the disorder. In AAs, one of the SNPs, rs9470080, moderated the risk of PTSD that was associated with childhood abuse. Without childhood adverse experiences, participants with the TT genotype of this SNP had the lowest risk for PTSD, whereas they had the highest risk for PTSD after childhood adversity exposure. In addition, in EAs, alcohol dependence was observed to interact with childhood adverse experiences, and also FKBP5 polymorphisms, to increase the risk for PTSD. This study provides further evidence of a gene Â environment effect of FKBP5 and childhood abuse on the risk for PTSD in AAs. Further study is required in other populations.
INTRODUCTION
Post-traumatic stress disorder (PTSD) is a common and frequently disabling psychiatric disorder. Results from the National Comorbidity Survey Replication indicated that the lifetime prevalence of PTSD was 6.8% (Kessler et al, 2005) . PTSD is distinct from other psychiatric disorders in that it requires exposure to a traumatic event. Epidemiological studies have provided strong evidence that individuals with adverse experiences during childhood are more sensitive to stressors in their adulthood than those without childhood adversities (Hammen et al, 2000; Kendler et al, 2004) . Early adverse experiences greatly increase risk for PTSD (Molnar et al, 2001; Widom, 1999) and other mood and anxiety disorders, such as depression (Chapman et al, 2004; Kessler and Magee, 1993; McCauley et al, 1997; Molnar et al, 2001) , panic disorder (Stein et al, 1996) and social phobia (Molnar et al, 2001) . Many types of childhood adversity can increase risk for PTSD, including sexual abuse (Molnar et al, 2001; Widom, 1999) , physical abuse (Duncan et al, 1996; Widom, 1999) , and other traumatic events (Ahmad et al, 2000; Pynoos et al, 1993) .
Hypothalamic-pituitary-adrenal (HPA) axis dysfunction has been implicated in the development of PTSD. The HPA axis is the major neuroendocrine system that regulates stress response in mammals. Following stress exposure, the hypothalamus secretes corticotrophin-releasing hormone and other regulatory neuropeptides, which promote the release of adrenocorticotropic hormone (ACTH) from the pituitary. ACTH stimulates the release of cortisol from the adrenal glands. Cortisol and other glucocorticoids then initiate neural, immune and other biological responses to stress. These hormones also act via a negative feedback loop to the HPA axis to regulate subsequent hormone release (Munck and Guyre, 1986) . PTSD patients have been shown in some studies to have lower basal activity of the HPA axis (Bremner et al, 2003; Yehuda et al, 1995) , although other studies have not shown this effect (Baker et al, 1999; Maes et al, 1998) . Dexamethasone suppression testing has shown that PTSD patients may have higher negative feedback regulation of cortisol than normal controls (de Kloet et al, 2006; Goenjian et al, 1996) . In addition, the number and sensitivity of glucocorticoid receptors appear to be increased in mononuclear cells of PTSD patients (Yehuda et al, 2004) .
Several studies have shown that childhood abuse is associated with subsequent altered dynamics of the HPA axis in adulthood (Carpenter et al, 2007; Heim et al, 2008) . The HPA axis is not mature at birth; adverse early life experiences may influence its development, shaping the basal rhythms and reactivity of the HPA system in adulthood (Gunnar and Donzella, 2002) . Considering the importance of the HPA axis in the etiology of mood and anxiety disorders, the effect of childhood adversities on PTSD risk could be mediated by changes in HPA axis function, which could cause maltreated children to be more sensitive to stressors than non-abused individuals (Tarullo and Gunnar, 2006) . Indeed, studies have shown that in rodents, maternal behavior changed HPA responses to stress by regulating gene expression through epigenetic programming (Liu et al, 1997; Weaver et al, 2004) . A recent postmortem study of suicide victims also showed that childhood abuse decreased glucocorticoid receptor expression by increasing the methylation level of the promoter region (McGowan et al, 2009) .
In addition to early environmental adversities, genetic factors and potential gene Â environment interactions are also important in determining HPA axis activity and influencing downstream phenotypes. Unaffected young people with a depressed parent had greater baseline cortisol levels than controls (Mannie et al, 2007) , and abnormal responses to the combined dexamethasone/corticotrophinreleasing hormone challenge test (Holsboer et al, 1995; Modell et al, 1998) . Genetic contributions to morning cortisol levels were shown to reflect early life experiences (Ouellet-Morin et al, 2009 ). These findings suggest that gene Â environment interaction affects HPA axis functions. That is, genetic factors may moderate the impact of early life adversity on HPA axis activity, influencing the response to stressors later in life.
Genes involved in the regulation of HPA axis function may associate with PTSD risk. In mammalian cells, in the absence of ligand, the glucocorticoid receptors reside in the cytoplasm. FK506-binding protein 5 (FKBP5 or FKBP51) interacts with the glucocorticoid receptor through heatshock protein 90 (hsp90). Upon ligand binding, FKBP5 is exchanged with FKBP4, which can recruit dynein and promote nuclear translocation of the glucocorticoid receptor (Wochnik et al, 2005) . In vitro studies showed that overexpression of human FKBP5 reduced cortisol binding affinity and nuclear translocation of the glucocorticoid receptor, and thus influenced the transcriptional activity of the genes regulated by the steroid hormone-signaling pathway (Davies et al, 2002; Wochnik et al, 2005) . In addition, FKBP5 and the glucocorticoid receptor form a negative feedback loop with FKBP5 gene expression induced by glucocorticoid (Binder et al, 2004; Vermeer et al, 2003) . Three single nucleotide polymorphisms (SNPs) at the FKBP5 locus, rs4713916, rs1360780, and rs3800373, were associated with increased recurrence of depressive episodes and rapid antidepressant response (Binder et al, 2004; Lekman et al, 2008) . FKBP5 gene expression was altered in trauma survivors who eventually experienced PTSD (Segman et al, 2005) . A recent study also showed that the expression level of FKBP5 was reduced in PTSD patients (Yehuda et al, 2009) , consistent with the increased glucocorticoid receptor sensitivity observed in PTSD patients (Yehuda et al, 2004) .
FKBP5 genotype may interact with childhood adversity to influence risk for PTSD. Four SNPs in the FKBP5 gene, rs3800373, rs9296158, rs1360780, and rs9470080, interacted with childhood abuse to modify the severity of adult PTSD symptoms (Binder et al, 2008) . Two of the 4 SNPs, rs3800373 and rs1360780, were associated with peri-traumatic dissociation, a well-established risk factor for PTSD, in medically injured children (Koenen et al, 2005) .
Based on a strong and consistent body of research, we hypothesized that variation in FKBP5 and its interaction with childhood adversity would be associated with risk for PTSD. Based on previous studies (Binder et al, 2008; Koenen et al, 2005) , we examined four SNPs in the FKBP5 gene: rs3800373, rs9296158, rs1360780, and rs9470080.
MATERIALS AND METHODS

Study Recruitment
Two thousand four hundred twenty-seven subjects were enrolled in this study. Blood samples were collected during linkage and association studies of the genetics of cocaine, opioid, and alcohol dependence. Four hundred ninety-three participants were recruited as members of families, each of which included at least one affected sibling pair for cocaine or opioid dependence Gelernter et al, 2006) . The remaining samples were collected from cocaine, opioid, or alcohol dependence cases and unaffected controls. All of the subjects were recruited and ascertained using similar methods at four sites: Yale University School of Medicine, University of Connecticut Health Center, Medical University of South Carolina, and McLean Hospital of Harvard Medical School. Written informed consent was obtained from all participants. The institutional review board at each of the participating sites approved the study protocol and consent procedures.
PTSD Diagnosis and Childhood Adversity Assessment
All subjects were interviewed by trained interviewers using the Semi-Structured Assessment for Drug Dependence and Alcoholism (SSADDA) (Pierucci-Lagha et al, 2007; PierucciLagha et al, 2005) . The SSADDA was used to assess DSM-IV diagnostic criteria for a variety of psychiatric disorders including PTSD. In the PTSD section, the participants were asked whether they had ever experienced or witnessed something so horrible that it would be distressing or upsetting to almost anyone. Those reporting traumatic experiences were then interviewed to assess the presence of PTSD symptoms. The data were scored using a computer algorithm to determine the presence of a lifetime diagnosis of DSM-IV PTSD. The interrater and test-retest reliability [k] of the PTSD diagnosis using the SSADDA has been shown to be 0.59 and 0.76, respectively (Pierucci-Lagha et al, 2007; Pierucci-Lagha et al, 2005) .
The SSADDA Environment section assesses childhood adversity, among other features. Participants were asked whether, by age 13, they had witnessed or experienced a violent crime, had been sexually abused, or had been physically abused. Endorsement of any of these adverse childhood experiences was coded as positive for exposure to childhood adversity.
Genotyping
For most samples, DNA was obtained from immortalized cell lines; for the rest, DNA was extracted from whole blood or saliva. The four SNPs in the FKBP5 gene, rs3800373, rs9296158, rs1360780, and rs9470080, were genotyped by the TaqMan method using the ABI PRISM 7900 Sequence Detection System (ABI, Foster City, CA, USA) at the Laboratory of Psychiatry Genetics, Yale University School of Medicine. Forty-one ancestry-informative markers (AIMs), including 36 highly ancestry-informative short tandem repeat markers and 5 SNPs (rs1540771, rs2814778, rs1805007, rs1426654 and rs12896399) were genotyped to calculate ancestral proportions for all study participants. Detailed genotyping methods for 37 of the 41 AIMs (including an FY SNP) have been described in detail previously (Yang et al, 2005) . The remaining four SNPs were genotyped by the same TaqMan technique as that used for FKBP5 SNPs.
Statistical Analysis
We used STRUCTURE software (Falush et al, 2003; Pritchard and Rosenberg, 1999; Pritchard et al, 2000) set at 500 000 burn-in iterations, followed by 500 000 repeats, to analyze the AIMs data, generate ancestral proportions and classify the subjects as European American (EA) or African American (AA).
Logistic regression models were used to examine the association between PTSD diagnosis and the potential explanatory variables. In the primary analyses, the model examined the effects of genotype Â childhood adversity on risk of PTSD, with genotypes for rs3800373, rs9296158, rs1360780, and rs9470080, childhood adversity (coded as 0 for none, 1 for exposure), sex, age, and ancestral proportion scores used as covariates. Then, because participants were recruited during studies of the genetics of opioid, cocaine, and alcohol dependence, we conducted secondary analyses; in addition to the explanatory variables in the primary model, main effects of opioid, cocaine, and alcohol dependence, and their interactions with childhood adversity and the 4 FKBP5 SNP genotypes, were explored. To account for the dependence of the data from individuals in the same family, generalized estimating equation (GEE) analyses were applied to fit the logistic regression models (Zeger and Liang, 1986) . EAs and AAs were analyzed separately in all logistic regression models. Categorical variables were analyzed using w 2 -tests. All analyses were performed using SAS 9.1. Linkage disequilibrium (LD) plots were constructed using the HAPLOVIEW program (Barrett et al, 2005) .
RESULTS
Demographics
A total of 2427 subjects were included in this study. Their mean age was 38.6 (SD 10.8) years and 54.4% of the sample was male. Using AIMs, 1143 subjects were classified as EA and 1284 were classified as AA. The mean (SD) age of EAs (60.0% male) was 37.6 (11.7) years, and AAs (49.5% male) was 39.5 (9.9) years. In both populations, women had a higher risk of developing PTSD than men (EA: w 2 1 ¼ 18.5, Po0.0001; AA: w 2 1 ¼ 4.4, P ¼ 0.03). There was no difference in the rate of lifetime PTSD among EA individuals (14.4%) and AA individuals (13.9%) (w 2 1 ¼ 0.16, P ¼ 0.69). About half of the subjects were included in a previous study focusing on the interactive effect of a serotonin transporter promoter region polymorphism (5-HTTLPR) and stressful life events on PTSD risk (Xie et al, 2009 ). The previous study included only individuals who reported having experienced stressful life events. This study included subjects recruited since the previous analyses were conducted and those who did not report any stressful life events.
Genotypes
Each SNP marker was genotyped at least twice to increase accuracy and call rate. Discordant calls were discarded. The final call rates of rs3800373, rs9296158, rs1360780, and rs9470080 were 98.3, 99.5, 99.1, and 98.9% in EAs and 98.1, 98.9, 99.0, and 98.8% in AAs. The minor allele frequencies of rs3800373, rs9296158, rs1360780, and rs9470080 were 0.30, 0.33, 0.31, and 0.34 in EAs, and 0.46, 0.50, 0.44, and 0.50 in AAs. They were similar to the HapMap data (the HapMap allele frequencies for rs9296158, rs1360780, and rs9470080 are, EA: 0.27, 0.24, 0.28; AA: 0.43, 0.39, 0.44. There are no HapMap data for rs3800373), and consistent with a previous study of these SNPs (Binder et al, 2008) . The four SNPs span 104 kb of FKBP5 gene. Results from the HAPLOVIEW software showed that they are in LD in both populations (Figure 1) .
Effect of Childhood Adversity on Risk of PTSD
Three types of childhood adversity were considered in this study: namely, witnessing or experiencing a violent crime, In addition, the number of types of adversity predicted the development of PTSD. In EAs, 5.9% of individuals who experienced no childhood adversities developed PTSD, whereas 21.7% of the subjects with 1 type of childhood adversity were diagnosed with PTSD. In comparison, 45.3% of those with 2 types of childhood adversities had PTSD, whereas 54.8% of individuals with all 3 types of childhood adversities developed PTSD. In AAs, the rates of PTSD were 6.6, 18.6, 44.2, and 51.5% among individuals who experienced 0, 1, 2, and 3 types of childhood adversity, respectively.
Effects of FKBP5, and Childhood Adversity Â FKBP5 Genotype on Risk of PTSD
In the primary analyses, logistic GEE regression showed no significant association between FKBP5 genotypes and PTSD in AAs or EAs (data not shown). When main FKBP5 genotype effects and their interaction effects with childhood adversity were entered into the logistic regression models simultaneously, all four SNPs were significantly associated with the development of PTSD in AAs. After correction for multiple testing, 3 of the 4 SNPs (rs3800373, rs9296158, and rs9470080) remained significant (Bonferroni correction, threshold P-value ¼ 0.05/4 ¼ 0.0125). SNP rs9470080 had the strongest conditional effect. However, in EAs, none of the four SNPs were associated with the development of PTSD when the interactive effect of genotype and childhood adversity was also in the logistic regression model. The results are shown in Table 1 . For the effects of childhood adversity Â FKBP5 genotype on risk for PTSD, results of the primary analyses are shown in Table 1 . Before correction for multiple tests, two of the four SNPs in FKBP5 significantly modified the effect of childhood adversity on risk for PTSD in AAs (rs9296158: OR ¼ 1.69, 95% CI ¼ 1.05-2.71, P ¼ 0.03; rs9470080: OR ¼ 1.96, 95% CI ¼ 1.24-3.10, P ¼ 0.004). (These same two SNPs also were the most significant in the previous study by Binder et al, (2008) .) After Bonferroni correction, the signal from rs9470080 remained significant. Without childhood adversity exposure, AA individuals homozygous for the T allele of rs9470080 had the least chance of developing PTSD compared with subjects with CC and CT genotypes. The differences among the three genotype groups were statistically significant (P ¼ 0.008). However, if T allele homozygotes experienced childhood adversity, they had the highest risk for PTSD (Figure 2 ), although the difference between TT and the other two genotype groups was not statistically significant. There was no interactive effect of FKBP5 genotypes and childhood adversity in EAs. FKBP5 Â childhood adversity on risk for PTSD P Xie et al
To explore the effects of opioid, cocaine, and alcohol dependence on PTSD onset, opioid, cocaine, and alcohol dependence phenotypes, and also their interactions with childhood adversity and the four FKBP5 SNP genotypes were added to the primary logistic GEE regression model. The results are listed in Supplementary Table S1 . For AAs, the main effects for cocaine and opioid dependence and all the six interactions were non-significant, so they can be removed from the logistic regression model. The effect for alcohol dependence was significant. When only alcohol dependence was added to the primary model, the results are very similar to the primary results (Table 2) . Before correction for multiple tests, rs9296158 and rs9470080 significantly modified the effect of childhood adversity on risk for PTSD (rs9296158: OR ¼ 1.65, 95% CI ¼ 1.02-2.67, P ¼ 0.04; rs9470080: OR ¼ 1.91, 95% CI ¼ 1.20-3.04, P ¼ 0.006). After Bonferroni correction, the signal from rs9470080 remained significant. For EAs, results from secondary analyses showed that similar to AAs, alcohol dependence was significantly associated with PTSD onset. In addition, for EAs, the four SNPs in FKBP5 were observed to significantly modify the effect of alcohol and cocaine dependence on risk for PTSD. When the non-significant main effects and interactions were removed from the logistic regression models, no G Â E effects of FKBP5 polymorphisms and childhood adversity were observed to modify the risk for PTSD in EAs ( Table 2 ). The results from the secondary analyses are very similar to the primary results.
To exclude the possibility that the gene Â environment interaction effects tested in this study reflect only geneenvironment correlation, the distribution of childhood adversity by genotype groups was examined in both EAs and AAs. By w 2 test, no significant relation was observed in either of the two populations for any of the three childhood adversity types, or for any childhood adversity (Supplementary Table S2 ).
DISCUSSION
In this study, we explored the main and interaction effects of FKBP5 genotypes and childhood adversity on the risk for PTSD separately in two populations: EAs and AAs. Four SNPs in the FKBP5 gene, rs3800373, rs9296158, rs1360780, and rs9470080 were chosen based on evidence from previous studies of an interaction effect with environmental factors on PTSD symptoms (Binder et al, 2008; Koenen et al, 2005) . Our results (as reported previously in a study that included a subset of the present sample (Xie et al, 2009) ) indicated that in both populations, childhood adversity significantly increased the risk for PTSD. FKBP5 genotypes were not associated with the development of this disorder. In AAs, genotypes of rs9296158 and rs9470080 Figure 2 The genotype of rs9470080 interacted with childhood adversity to modify risk for posttraumatic stress disorder (PTSD) in AA individuals. The numbers of subjects with PTSD of the total numbers of participants in the group are shown. Results indicated that AAs homozygous for the T allele at rs9470080 had reduced risk of PTSD without exposure to childhood adversity, and greater risk of PTSD when exposed to childhood adversity, than the other two genotype groups. FKBP5 Â childhood adversity on risk for PTSD P Xie et al moderated the effect of childhood adversity on risk for PTSD. After Bonferroni correction, the rs9470080 remained a significant moderator. Similar to the previous study (Binder et al, 2008) , homozygotes for the T allele at rs9470080 had the lowest risk for PTSD if they never experienced any childhood adversity, but the highest risk to develop PTSD if they were exposed to childhood adversity. However, none of the FKBP5 SNPs modified the effect of childhood adversity in EAs. These results are consistent with the findings of Binder et al, (2008) , which showed an interactive effect of FKBP5 genotype and childhood abuse on risk for PTSD symptoms in a community sample composed mostly of AAs (495%). Binder et al, (2008) did not evaluate the interaction effect in EAs. We did not find a significant moderator effect of this gene in EAs. Therefore, this G Â E effect may be restricted to AAs. However, among the four SNPs that were previously found to be associated with phenotype, we found that only one had a significant G Â E effect on PTSD risk after correction for multiple comparisons. This SNP, rs9470080, yielded the second smallest P-value among the eight SNPs tested in the previous study. The reason for our failure to find the G Â E effect for the other three SNPs may be inadequate statistical power, despite the fact that we had access to a reasonably large sample (the study of Binder et al, (2008) included 762 subjects; whereas this study contained 1284 AAs and 1143 EAs). For example, linear regression analysis of PTSD symptom scores might better represent the underlying biological mechanisms than logistic regression models for PTSD diagnosis. To decrease the risk that population stratification would be a confounder in this study, data from 41 AIMs were generated from the complete sample. STRUCTURE software, based on a Bayesian clustering method, was used to divide the participants into two populations. In the logistic regression models, even when the analyses were performed separately for EAs and AAs, ancestry proportion score was used as a covariate, so that population stratification is not a likely confounder in this study.
There are several possibilities to explain the populationspecific effect of FKBP5 genotypes Â childhood adversity on PTSD risk. First, the four SNPs tested in this study may not directly interact with an environmental factor; they may instead reflect the action of variants in LD with these SNPs, which contribute to the G Â E effect. FKBP5 LD varies by population (Binder, 2009) , providing a possible explanation for failure to detect the signal in one population but not in the other. Second, it is often the case that allele frequencies differ by population, and some polymorphisms are specific to one population or anotherFin particular, many variants are observed in AAs, but not in EAs (and occasionally, in EAs but not AAs). The specific risk alleles responsible for the observed effect may be rare, or even absent, in EAs. Multiple differences in gene expression and regulation across racial and ethnic groups are other possible factors, which could not be determined directly from a focused investigation as performed here. This is also true of environmental protective factors, such as educational opportunities, access to treatment, and social support. Finally, the association in AAs, but not EAs, could reflect population differences in epistasis.
Results from this study indicated that AAs homozygous for the T allele at rs9470080 had the lowest risk for PTSD if they never experienced any childhood adversity, but the highest risk to develop PTSD if they were exposed to childhood adversity. Based on a previous in vitro study, the TT genotype at rs9470080, which is in strong LD with the TT genotype of rs1360780, was associated with the highest FKBP5 protein expression levels in lymphocytes from healthy individuals (Binder et al, 2004) . However, because it is not clear whether these healthy individuals ever experienced childhood adversity, this study provided no information on the expression levels in people with and without childhood adversities as a function of TT genotype at rs9470080. In addition, despite the findings from the in vitro study, to our knowledge, no in vivo studies of the expression levels of different FKBP5 genotypes have been reported. Considering the important role that FKBP5 has in For European Americans, the independent variables included main effects of FKBP5 genotypes, experience of childhood adversity, alcohol dependence, and cocaine dependence, and interactions of the main effects. For African Americans, the independent variables included main effects of FKBP5 genotypes, experience of childhood adversity, and alcohol dependence, and interactions of genotypes by childhood adversity. Sex, age, and ancestral proportion scores were used as covariates.
FKBP5 Â childhood adversity on risk for PTSD P Xie et al the steroid hormone-signaling pathway, in vivo studies and association studies with dense markers are needed to elucidate the nature and contribution of the interaction of FKBP5 with an adverse environment in the etiology of PTSD. In addition, studies examining the relationship between childhood adversity, PTSD diagnosis, and the HPA access should take FKBP5 into account, especially in AA populations. Because the participants in this study were recruited for studies for the genetics of opioid, cocaine, and alcohol dependence, the effects of these substance dependencies on PTSD onset were explored. In both AA and EA populations, alcohol dependence, but not opioid or cocaine dependence, was significantly associated with PTSD onset. In addition, in EAs, alcohol dependence was observed to interact with childhood adverse experiences, and also FKBP5 polymorphisms, to increase risk for PTSD. Participants carrying the A allele of rs3800373, the G allele of rs9296158, the C allele of rs1360780, and the C allele of rs9470080 had higher risk for PTSD onset if they were alcohol dependent, compared to participants with other genotypes. This interactive effect was not observed in AAs.
Findings from this study should be interpreted in light of a number of limitations. First, retrospective recall of childhood adverse experiences might be inaccurate or biased. The time interval, significance of events, and personal characteristics could cause recall bias. Second, not all possible types of childhood adversity were covered in this study. For example, familial dysfunction, which is a well-documented risk factor for PTSD (Burton et al, 1994) , was not considered in this study. Also, our assessment of childhood adversity was not very detailed; a greater level of detail in relation to that environmental exposure could have led to different conclusions.
In conclusion, this study showed that FKBP5 genotypes, especially rs9470080, interacted with childhood adversity to modify risk for PTSD in AA individuals, a result that is consistent with previous findings.
